most of the bus passengers examined in this research were choice riders-people who had a car but chose to take transit. Therefore, the option to switch to a SOV on the HOT lane was available to many of them. Along with transit or SOV on the HOT lane, the travelers investigated in this study had the following peak period alternatives:
most of the bus passengers examined in this research were choice riders-people who had a car but chose to take transit. Therefore, the option to switch to a SOV on the HOT lane was available to many of them. Along with transit or SOV on the HOT lane, the travelers investigated in this study had the following peak period alternatives:
• Driving with two passengers (HOV3) on the HOV lane, which required coordination among the three people;
• Driving with one passenger (HOV2) and paying a $2 toll, which required coordination between two people and a fee;
• Driving in a casual carpool (CCP; also known as slugging) on the HOV lane, which required little coordination but had some risks due to traveling with strangers in a private vehicle;
• Driving a motorcycle on the HOV lane; and • Driving on the main lanes, which resulted in longer, less reliable travel times.
As Houston modifies its HOV lanes into HOT lanes, transit passengers will have the choice of paying a fee to drive alone on the HOT lane, which has the same travel time benefits as riding the bus on the HOT lane. However, a HOT lane is intended to maximize the use of the entire freeway facility. The best way to do this is to move existing SOV users from congested conditions on the main lanes to excess capacity on the HOT lanes, rather than creating new SOV users from former transit riders already using the HOT lane.
Therefore, a HOT lane has the potential to negatively affect the person-carrying capacity of the HOV lane, plus lower the average vehicle occupancy (AVO) of the lane. It is important to investigate this potential problem, as many HOV lanes around the country are in the process of being modified into HOT lanes that allow SOVs.
This research investigated the sociodemographic characteristics of people who were more likely to switch from transit to SOV, estimated the percentage of transit riders who were likely to switch to SOV on the HOT lane for given toll levels, and calculated the resulting changes in AVO on the HOT lane. A data set comprising 584 surveys completed by transit passengers in Houston was analyzed to accomplish these objectives.
LITERATURE REVIEW
HOV facilities are an important part of transportation demand management (TDM) because they help facilitate various TDM strategies, including carpooling and transit use (6) . HOV lanes have existed in the United States since their first implementation on the Shirley Highway in Virginia in 1969 (2) . As of 2007, there were
Potential Mode Shift from Transit to Single-Occupancy Vehicles on a High-Occupancy Toll Lane
One of the benefits of modifying high-occupancy vehicle (HOV) lanes to high-occupancy toll (HOT) lanes is to allow vehicles that would otherwise be ineligible, such as single-occupancy vehicles (SOVs), to utilize the excess capacity of an HOV lane (1) . However, current carpoolers and transit riders may also become SOV travelers because of the additional flexibility and personal space benefits of driving alone while obtaining the travel time benefits on the HOT lane. Reductions in transit ridership and carpools reduce the person-carrying capacity of the HOT lanes and counter one of the original objectives of the HOV lane-to encourage a high person-per-vehicle ratio (2) .
A number of research papers and theses have addressed SOV and HOV (non-transit) users on HOV and HOT lanes (3) (4) (5) , but there has been little research specifically regarding transit users. It is important to fill this gap in knowledge because transit riders can account for a significant portion of the people who use HOV lanes. In addition, more than 190 HOV facilities on freeways in over 25 metropolitan areas, and the number of route and lane miles has grown steadily since 1969 (7). Route miles total over 1,370 (7) and are split approximately half-and-half between radial and nonradial corridors; busways account for a small portion of route miles (8) .
However, an HOV lane may not always be used to its full capacity, especially during off-peak times, even while the adjacent main lanes may be highly congested. In this case, modifying the HOV lane into a HOT lane may be considered in order to allow SOV users who will pay a toll to utilize the excess capacity of the HOV lane instead of contributing to the congestion in the main lanes. A number of steps must be taken before an HOV lane can be modified to a HOT lane, including determining the organizational framework, selecting tollcollection and enforcement technologies, and educating and gaining the support of the public (1) . The introduction of a new mode choice, tolled SOV on the HOT lane, also brings shifts from existing modes to the new mode. This includes the potential shift of existing transit riders to SOV on the HOT lane, which is the focus of this research.
State Route 91 Express Lanes
The State Route 91 Express Lanes (or 91X lanes) opened in California in December 1995 as a privately owned facility. The facility consists of two lanes in each direction and is separated from the SR-91 main lanes by a painted buffer with pylons. The facility is 10 mi long and runs from SR-55 in Anaheim, California, east to the line separating Orange County and Riverside County.
An extensive study completed in 1998 and a follow-up study completed in 2000 included an examination of trends in transit ridership in the corridor. Among highway users surveyed, no one indicated that they had changed modes from riding the bus to driving alone or carpooling (3). Sullivan concluded, "There is no evidence that opening the 91X lanes . . . affected the development of public transportation patronage in the corridor" (9, p. 40). In contrast, some evidence indicated that certain former auto users shifted to using transit, as a number of bus and commuter train riders formerly commuted in the SR-91 corridor by car (3) . In 2003 the express lanes were sold to a public entity, the Orange County Transportation Authority, with the authority continuing to run the lanes in much the same way as had the private firm.
San Diego, California, I-15 Express Lanes
San Diego's I-15 express lanes opened as HOV lanes in 1988. The express lanes are 8 mi long and run from SR 56 in the north to SR-163 in the south, northeast of downtown San Diego, California. It is a two-lane, barrier-separated, reversible facility with access points only at the ends. Since November 1997, the facility operates from 5:45 to 9:15 a.m. southbound and 3:00 to 7:00 p.m. northbound on workdays only (4). In the near future, the first phase of a 20-mi northwards expansion of the faculty is slated to open, resulting in a state-of-the-art managed lanes facility.
Several studies were led by San Diego State University researchers before and after the introduction of SOVs to the express lanes (10) . In these studies, the express bus routes (routes which use the freeway for a portion of their route) were divided into routes that used the express lanes (five routes) and those that did not (two routes).
Based on passenger counts and surveys collected on the Inland Breeze route, a new bus route partially funded by toll revenue from the express lanes, researchers determined that most riders were commuting in the reverse direction-away from downtown in the morning and toward downtown in the afternoon. This was consistent with ridership trends for other routes in the same corridor. Since the I-15 express (HOT) lanes operate only in the other (peak) direction, they would not be of interest to most riders. In addition, most survey respondents were captive riders-they did not have a car available. The majority of respondents were also not familiar with FasTrak, the toll program required for SOV users to travel on the express lanes (11) . Therefore, few transit riders had the interest, opportunity, or knowledge to switch mode to SOV on the HOT lane.
I-394 MnPASS Express Lanes
The I-394 MnPASS Express Lanes project in Minnesota modified the existing HOV lanes on I-394 to HOT lanes. The HOV facility was built in 1992 and includes a 4-mi, two-lane reversible section from downtown Minneapolis, Minnesota, west to Highway 100 and a single diamond lane in each direction 7 mi further west to Highway 101 (12, 13) .
Beginning in May 2005, SOVs were allowed to pay a toll using an electronic transponder to use the MnPASS lanes (14) . Carpools and transit continued to use the lanes for free. The MnPASS lanes are dynamically priced based on traffic, and tolls are charged only during peak hours in the peak direction. Tolls average between $1 and $4, with a maximum of $8, and are posted on signs in advance of the multiple entrance points to the MnPASS lanes (15) .
Although extensive studies were done on travelers in the I-394 corridor, there have been no specific studies on bus riders in this corridor. Ridership data for the third quarters Table 1 ).
During July through September 2005, shortly after the MnPASS lanes opened, transit ridership along I-394 increased by more than 13% (Table 1 ) over the ridership from the same period in 2004, before MnPASS was available. In comparison, transit ridership in the I-35W corridor increased only 1.4%. While these ridership statistics show that bus ridership may have been positively affected by the adaptation of HOV to HOT lanes, there has been no actual study to determine the effect that having a new SOV toll option had on existing transit users. Although the net ridership increased as a result of there being many new bus riders, it is unknown how many former transit users switched to the SOV toll mode.
I-25 HOV-Tolled Express Lanes
The HOT lanes in Denver, Colorado, the 7-mi, I-25 HOV-tolled express lanes, opened on June 2, 2006 (16) . The two-lane, barrierseparated, reversible facility runs from downtown Denver north to US-36. There are multiple access points at each end but no intermediate entrances or exits (17 ) .
According to Jeff Dunning, a senior service planner and scheduler at the Regional Transportation District (RTD) in Denver, there are two primary transit routes, Route B and Route 120X, and approximately 10 secondary transit routes that use the I-25 HOV-tolled express lanes (personal communication, May 7, 2007) . Adding the two primary routes together, there was almost no change in ridership between 2005 and 2006 (see Table 2 ). There was a very slight increase in ridership for all routes using the I-25 HOV-express lanes. In comparison, there was a very small decrease in ridership for all the fixed route buses and light rail in the entire RTD system. The changes in transit ridership for all groups on routes of interest from September through October 2005 to the same period in 2006 are all below 0.5% (Table 2) , so it is difficult to make any conclusions. Mr. Dunning wrote in an e-mail, "I have noticed no change in ridership resulting from the HOV-to-HOT lane conversion."
I-15 in Salt Lake City, Utah
HOV lanes on I-15 from downtown Salt Lake City southward to the city of Orem, Utah, opened in July 2001. They were modified to a HOT facility, known as the Express Lanes, in September 2006 because the HOV lanes were underutilized. Because the Express Lanes are relatively new in Utah, and no transit buses use the facility, no conclusion can be made about mode shift from transit to tolled SOV on these lanes.
HOV Lanes in Houston
Since the introduction of the contraflow lane in Houston in 1979, HOV facilities have progressed through a number of phases, including barrier separation, the inclusion of vanpools and carpools, the QuickRide program (the name for the current HOT lane program that allows HOV2 vehicles on the HOV lanes during the peak period for 12 Transportation Research Record 2072 a $2 fee), the plans for conversion of other HOV lanes to HOT lanes, and the Katy Managed Lanes. The HOV lane situation in Houston is summarized in Table 3 .
As part of METRO Solutions Phase 2, METRO (the transit agency in Houston) will begin modifying its existing reversible HOV lanes into full, two-way HOT lanes (except on the Katy Freeway, where managed lanes are currently under construction) (19) . This will allow SOVs to use any HOV lane for a fee. METRO plans to use dynamic electronic tolling to maintain an average speed of about 50 mph (20) . Unlike in the other cities that currently have HOT lanes, the operator of Houston's HOT lanes (except the Katy Managed Lanes) and transit service are the same-METRO. The guidelines METRO has established for HOV-to-HOT adaptation, in order of priority, are as follows (21) With the modification of five HOV lanes to HOT lanes, it is critical to understand how current transit riders will react to the new opportunity to pay a toll to drive alone on the HOT lane. Many transit riders who use the HOV lanes are choice riders; they drive their own autos to the park-and-ride lots to catch the bus. If the number of bus passengers who are likely to shift to tolled SOV is significant, then METRO may have to adjust its service due to reduced ridership.
Discrete choice models are often developed to estimate these mode choices. Planners often develop logit models to estimate mode choice based on traveler responses to stated preference (SP) questions, their demographic information, along with the traveler's current trip characteristics. The next section of this paper discusses the data collected in this research to develop such a mode choice model to estimate transit to SOV on the HOV lane mode shift.
STUDY AREA
In 2003, researchers at the Texas Transportation Institute (TTI) conducted an extensive survey of travelers on the Katy (I-10 West) and Northwest (US-290) Freeways in Houston (see Figure 1 ). All types of travelers participated in the survey, including users of the general purpose lanes (GPLs) and HOV lanes, transit riders, QuickRide users, and casual carpoolers. Surveys were customized for each mode and time of day (peak or off-peak).
The version of the survey that focused on transit riders was distributed to transit riders departing from or returning to park-and-ride lots in the Katy and Northwest Freeway corridors. Respondents were asked about their most recent workday trip on that freeway, their knowledge and opinions of the QuickRide program, their demographic information, and their choice of mode in four different travel scenarios. These travel scenarios were presented as SP questions. Transit users had the choice of the following seven modes:
Chum and Burris 13 • SOV on the GPLs, peak period (SOV-GPL-P) (Mode A);
• HOV2 on the HOV lane, peak period (HOV2-HOV-P) (Mode B);
• SOV on the HOV lane, off-peak period (SOV-HOV-OP) Surveys were handed to transit riders as they boarded METRO buses on selected days in November 2003. Most riders were able to 
FIGURE 1 Study corridors (22).
fill out the survey onboard and returned the survey as they alighted or by postage-paid envelop. This resulted in a very high response rate; 584 out of the 700 surveys distributed were returned (83%) (23) .
DEMOGRAPHIC CHARACTERISTICS
The raw data from the survey responses were examined to determine if there were any demographic characteristics that were significantly different for transit riders who were more likely to switch mode to driving alone on the HOV lane. Each person answered four SP questions, but a person may not have chosen the same mode each time. For example, in two questions, a person may have chosen BUS-HOV-P, and in the other two, the person may have chosen SOV-HOV-P. As a result, the total number of responses in a category was divided by four in order to have a total of 584, the number of people who completed surveys. For example, SOV-HOV-OP was chosen in 77 questions, so 19.25 "people" chose this mode. Likewise, SOV-HOV-P was chosen in 23 questions, so 5.75 "people" chose this mode. The socioeconomic characteristics of the users are shown in Table 4 .
Because of the small sample size of "people" who chose SOV-HOV-OP and SOV-HOV-P, statistical comparisons to the large population of all transit survey respondents were not meaningful. However, several demographic characteristics seemed to be very different between all transit riders and the riders who chose an SOV on HOV toll option. People who were likely to switch to SOV-HOV-OP were more likely to be students, to be age 16 to 24, to be single adults, to have school or work-related travel as their trip purpose; they were also less likely to have only some college or vocational school as their highest level of education.
People who were more likely to choose SOV-HOV-P were more likely to be commuting, to be age 35 to 44, to be married with children, to have a household size of five or six, and to have a household income of between $15,000 and $24,999 or $200,000 or more. These people were also less likely than transit riders in general to be age 55 to 64, to be a single parent, to have a household size of three, and have a household income between $25,000 and $49,000. Males were more likely to shift to SOV-HOV in both the peak and off-peak periods, and those with administrative or clerical occupations were less likely to shift to SOV-HOV.
Although the real reasons behind these travelers' choice to use the HOT lane as SOV drivers, given the opportunity, are not known, some possible explanations are offered. First, those with very high incomes probably find the toll rates very reasonable and are willing to pay that amount for the travel time savings. Second, those with very low-income positions (such as in the service industry) may have jobs that require them to be very punctual; therefore the time savings offered by the HOT lane is worth the high (relative to their income) toll. The time savings from using the HOT lane would also be important if that traveler had to help take care of a large family.
Finally, it is important to note that no transit survey respondent had zero vehicles in his or her household. Thus, in almost all cases, the bus rider either had to drive him or herself to the park-and-ride lot or be dropped off by a family member (kiss-and-ride). That means the transit rider either chooses not to use his or her car for the full distance of the trip or does not have a car to use for most of the day because another family member is using it.
MODE CHOICE MODELING
After the surveys were collected, the responses were entered into a database. All 584 surveys returned were included in the demographic analysis, but only 446 were included in the logit model because some surveys were incomplete or had unreasonable responses. For a survey response to be included in the model, all the demographic questions had to be answered. However, analysis of each demographic question was done separately, so even if a respondent skipped a question, his or her other questions could still be counted as part of the sample.
Originally, because data were collected on the Katy and Northwest Freeways, it was planned that the responses from the two corridors would be compared. However, based on the raw data from the responses given, the number of people surveyed who would switch from bus to SOV on the HOV lane on each corridor was too small to develop separate mode choice models. Therefore, all responses from respondents using the two freeways were analyzed and modeled together.
Development of the mode choice model included investigation of many of the variables collected in the survey. The descriptions for the final variables and their modes are shown in Table 5 . Mode E, bus on the HOV lane during peak period, was the base mode and had only travel time and toll/income in its utility equation.
It was assumed that a participant would choose the mode with the highest utility. Ideally, the chosen mode, as estimated by the model, is supposed to match the mode actually chosen in the given stated preference question. However, it is very difficult to have the modeled choice match the actual choice 100% of the time because of the variability of human nature. The model developed had a 61.2% match, which is reasonably accurate. The travel times and tolls as originally given in the stated preference questions are shown in Table 6 . The percentage that each mode was actually chosen is also given.
Almost three-quarters of transit riders would choose to remain on the bus. The largest shift away from transit was to CCP, at 13.7%. This was not surprising, as the survey of casual carpoolers found that many of them use transit. It seems that a set of travelers use these two modes interchangeably. The lowest percent of mode shift is 1.0%, from transit to SOV on the HOV lane during the peak period. Only 4.1% of those surveyed indicated that they would change from bus to SOV on the HOV lane (at any time of the day), the mode shift of interest.
MODE CHOICE SCENARIOS
In order to estimate how existing transit users might react to the new option of driving alone on the HOV lane for a fee, various scenarios were developed. These scenarios included differing toll levels for SOV on the HOT lane and various travel times for the HOT lanes and the main lanes. To begin, researchers wanted to use realistic travel time savings on the HOT lanes. Therefore, the current travel time savings obtained by using the HOV lane instead of the GPLs were found. According to a previous study, travel time savings in the morning peak from the three surveyed park-and-ride lots ranged from 2 min to over 22 min (24) . Therefore, the travel time savings levels for an SOV on the HOV lane versus an SOV on the GPLs were set at 5, 10, 15, and 20 min. In order to simplify multiple simulations, all six modes using the HOV lane had fixed travel times (which varied by mode), and SOV travel on the GPLs had travel times 5, 10, 15, and 20 min greater than travel times for SOV travel on the HOV lane. Based on previous research, travel times on the HOV lane averaged around 15 min for these two corridors (24) ; this varied for different park-and-ride lots because of their distance from downtown.
Although all modes using the HOV lane have the same travel time for the portion of the trip that is actually on the HOV lane, additional time must be added at the beginning and end of the trip for carpools to pick up or drop off passengers or for transit riders to wait for the bus. These additional times are based on Winn's calculations and current METRO bus schedules (24) . The mode HOV2-HOV-P required an additional 5 min to pick up or drop off one passenger. The modes BUS-HOV-P, BUS-HOV-OP, and CCP-HOV-P required 4 min and 15 s to walk to the bus stop or casual carpool queue and wait for the bus or casual carpool, and another 4 min and 45 s to be dropped off once entering the downtown area, for a total of 9 min in addition to the HOV lane travel time. Table 6 contains the travel times used in the scenarios.
Toll rates for the seven modes were also developed for the scenarios. The modes SOV-GPL-P and CCP-HOV-P required no tolls, so tolls for both modes were set at $0. For the modes HOV2-HOV-P, BUS-HOV-P, and BUS-HOV-OP, the toll (or bus fare) was set at the average of the values originally given in the SP survey questions. Thus, the tolls and fares were fixed at $2, $2.50, and $1.50 for HOV2-HOV-P, BUS-HOV-P, and BUS-HOV-OP, respectively. In order to model shifts to peak and off-peak SOV, one toll was fixed while the other one varied. In Scenario 1, the toll for SOV-HOV-OP was fixed at $2, and the toll for SOV-HOV-P was either $4, $5, $6, or $7. In Scenario 2, the toll for SOV-HOV-P was fixed at $6, and the toll for SOV-HOV-OP was either $1, $2, $3, or $4.
Using the travel time savings and tolls discussed above, the model was run multiple times using the original respondents and the utility equations developed (see Table 5 ). It was assumed that the individuals would choose the mode with the highest utility based on the new travel times and toll rates. This research focused on the mode shifts from bus to SOV-HOV-OP and from bus to SOV-HOV-P. Therefore, only results for these two mode shifts are reported in detail.
MODE CHOICE SCENARIO RESULTS
Next, the impact on volume and average vehicle occupancy caused by travelers shifting from bus to SOV on the HOV lane was estimated. Although the scenarios simulated various toll and travel time savings, for simplicity, only the simulation results for the case in which SOV travelers on the HOV lane saved 10 min of travel time and paid $6 in the peak and $2 in the off-peak are discussed here and used in further analysis. From Scenarios 1 and 2, the percentage of shift was 1.4% from bus to SOV-HOV-P (see Figure 2 ) and 4.0% from bus to SOV-HOV-OP (see Figure 3) . It was assumed that bus riders who traveled during the peak hours (7:00 to 8:00 a.m. and 5:00 to 6:00 p.m.) switched to SOV-HOV-P, and bus riders who traveled during the off-peak hours switched to SOV-HOV-OP. Also, it was assumed that bus schedules would remain the same.
These percentages were applied to ridership data from December 2006 to calculate AVO changes. For the peak hours, AVO for all vehicles on the HOV lane dropped between 1% and 2%. For the off-peak hours, it dropped 2.5%. For 10 min of travel time saved and $6 peak/$2 off-peak tolls, 1.4% of bus riders were likely to switch to SOV-HOV-P, and 4.0% were likely to switch to SOV-HOV-OP. Although this would reduce AVO slightly, there appeared to be minimal impact on HOV operations; for example, on the Katy Freeway, only about 20 transit riders would drive themselves during each peak, and about 185 would drive themselves during the off-peak. It is important to note that this is only the shift from transit, not the total shift from all modes. It is likely that a larger number of SOV users would switch from the GPLs; however, that was not included in this study. It is also important to note that the shift from transit to tolled SOV was uniformly low across reasonable toll levels and travel time savings. Therefore, transit riders were relatively loyal to their mode.
The modification of these HOV lanes to HOT lanes adds yet another mode choice option for travelers who already have an array of choices. As such, day-to-day variation in mode selection is likely to occur that is not accounted for in this model. It could even result in additional transit trips. Only a small percentage of existing bus riders would be likely to switch to driving alone on the HOV lane for 10 min of travel time saved and a toll of $6 for peak period and $2 for off-peak period. Approximately 1.4% of passengers would drive alone during the peak period, and 4.0% would drive alone during the off-peak period. Bus riders were less likely to switch to SOV on the HOV lane at higher toll rates or lower travel time savings, or both. In general, very few bus riders will shift to driving themselves on the HOV lane. Transit passengers shifting to SOV on the HOV lane reduces average vehicle occupancy only about 1 to 2%. SOV drivers shifting from the general purpose lanes to the HOV lanes are likely to affect AVO more. However, as long as dynamic pricing is used appropriately to maintain free-flow conditions, the HOV lane can be successfully adapted to a HOT lane and move more people, even if a few transit passengers choose to drive alone.
